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(a) Case 2 methacrylate panel (b) Case 3 methacrylate panel

Figure 5.1: Irregular perforations in the panels for cases 2 and 3.

(Figure 5.2a). While most of these bumps can be manually removed using tools like a needle,
punch, or small-diameter drill bits, attempts to remove some of them in panels with a higher
thickness resulted in cracks forming in the panels, of around 2-2.5 mm in length (Figure 5.2b).

¥

(a) Bumps of material in the Case 5 methacrylate (b) Cracks in one of the methacrylate panel
panel

Figure 5.2: Material bumps and cracks on panels.

In regard to the holes in the 3D printed panels, the main reason that cases 1 to 3 were not
printed was due to the small hole diameter of the parameters. A test had been performed
previously to check what diameters could the printer do. For this test, a small plate was
designed with different diameter holes (Figure 5.3), which range from 0.8 mm to 1.5 mm in
increments of 0.05 mm. Using a microscope from Leica microsystems and its software LAS
EZ, the estimated resulting hole diameter is shown in Table 5.1. The results are an estimation
and have a probable error of around 0.05 mm, but in most cases, the resulting diameter in the
studied range tends to be between 0.2-0.3 mm smaller than the nominal diameter. Looking
at the trends, it can be assumed that the deviation between the nominal diameter and the
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resulting diameter decreases as the nominal diameter increases.

Figure 5.3: Hole diameter test plate.

Table 5.1: Hole diameter test

Nominal diameter (mm) Resulting estimated diameter (mm)

0.9 0.4

1 0.6
1.05 0.7
1.1 0.8
1.15 0.85
1.2 0.9
1.4 1.1
1.5 1.3

As 3D printing is not exact on some aspects of the geometry due to layer deposition and
filament height, the diameter of the holes and the thickness of the samples were checked. The
diameter of the sample was measured and was 34 mm, as in the CAD model. In Table 5.2,
the real values for the thickness of the sample and the estimated diameter of the holes are
shown, as well as the nominal values, for comparison. The analytical curves of the results
were calculated using the resulting thickness, but the nominal diameter was kept.

Upon examining the tested panels, the perforations appear more circular than those in the
methacrylate panels, at least on the top layer. However, on the bottom (or first) layer, the
holes exhibit a more complex geometry. As shown in Figure 5.5, some filament portions
partially obstruct the perforations, which would likely impact the panel’s performance. In
Figure 5.4b, the filament completely closes one of the perforations on the first layer, likely
due to the heat and expansion of the filament during the printing process. It is important to
note that ULTEM™ requires high nozzle temperatures (350 - 380°C) and a heated chamber
(120 - 160°C) for successful printing.

While the top and bottom layers of the panel are easily observable, assessing the geometry
of the perforations inside the panel is more difficult. The nature of FDM manufacturing
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Table 5.2: Resulting thickness and estimated diameters in the tested panels

Nominal diameter (mm) Nominal thickness (mm) Resulting estimated diameter (mm) Resulting thickness (mm)

Case 4 0.8 3 0.5 3.34
Case b 1.0 5 0.6 5.4
Case 6 1.2 8 1.0 8.4
Case 7 1.2 2 1.0 2.26
Case 8 1.2 3 0.95 3.34
Case 9 1.0 2 0.7 2.24
Case 10 1.0 3 0.7 3.4
Case 11 0.9 4 0.65 4.3
Case 12 1.1 6 0.85 6.28

(a) Case 5 ULTEM™ panel first layer (b) Case 6 ULTEM™ panel first layer

Figure 5.4: Irregular perforations in the panels for cases 2 and 3.

would cause the sample to break down if it were attempted to be cut, as the filaments would
separate from each other. The same reason as well as the strength of the material makes
it very hard to try to remove the parts of the filament that obstruct the perforations. It is
reasonable to assume that the perforations are not perfect circular tubes, especially when
considering the fine strands of filament that cross through the holes in the top layers. The
irregular geometry and incomplete perforations negatively impact the performance of the
samples, making it difficult to predict their behavior. This is because both the hole diameter
and the perforation area become variables that are difficult to determine accurately.

The gaps and the nature of the layer deposition give rise to porosity in the printed panels, as
shown in Figure 5.5. These gaps are particularly prevalent in regions where the perforations
are densely concentrated, such as the center of the sample. 3D printers, particularly industrial
models like the one used here, are limited in their ability to achieve fine details. Although
these printers are highly accurate, they are designed for larger components and are not precise
enough to extrude filament into such small spaces, resulting in noticeable gaps. The largest
gap identified in all samples measures 0.8x0.8 mm, as seen in Figure 5.5a.

Additionally, the printer’s layer height cannot be reduced below 0.254 mm, limiting the ability
to refine the sample finish. This constraint leads to imperfections and gaps in the final product.
Another contributing factor may be the printing speed. As noted in section 3.2, the printer’s
speed is fixed at factory settings and cannot be adjusted. If the print is too fast, the filament
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(a) Big gap between two closely situated perfora- (b) Gaps around most holes
tions

Figure 5.5: Porosity in the tested samples

may not have enough time to properly adhere, leading to under-extrusion and inconsistent
deposition. In contrast, printing too slowly can result in stringing and irregular geometries.
These factors, combined with the inherent limitations of the printer, contribute to the overall
porosity and imperfections observed in the printed samples.

The change in diameter has a direct impact on the perforation ratio. As the diameter decreases
while keeping the number of holes constant, the perforation ratio inevitably decreases due to
the significant reduction in the size of each individual hole. This results in a lower overall area
of perforation relative to the panel. The corresponding perforation ratios for each scenario
are presented in Table 5.3. For instance, in the case of the panel in case 4, which initially
has 45 holes, the decrease in hole diameter leads to a significant reduction in the perforation
ratio. To maintain the original perforation ratio, the number of holes would need to increase
to 116, compensating for the decrease in diameter and ensuring that the total perforated area
remains consistent with the original design.

Table 5.3: Change in the perforation ratio due to the estimated diameter

Case N° of holes Original Perforation New Perforation

Ratio (%) Ratio (%)
Case 4 45 2.5 0.97
Case 5 70 6 2.18
Case 6 56 7 4.84
Case 7 48 6 4.15
Case 8 48 6 3.75
Case 9 70 6 2.97
Case 10 70 6 2.97
Case 11 57 4 2.08
Case 12 48 5 3.00

89



Maria Blanca Boado Cuartero

The adjusted curves for these panels are presented in Figures 5.6 through 5.14. The modifica-
tions in the parameters result in the theoretical absorption peak shifting to a lower frequency.
However, the panels in cases 6 (Figure 5.8) and 7 (Figure 5.9) exhibit performance that
surpasses expectations, with a higher peak absorption and a broader bandwidth compared
to the analytical solution. Additionally, in cases 6, 7, 8 (Figure 5.10), and 12 (Figure 5.14),
the theoretical absorption peaks closely align with the experimental peaks. These theoretical
values, however, are not entirely realistic because the porosity of the panel has not yet been
accounted for. Including porosity would likely increase the absorption values and shift the
absorption peak to a higher frequency, making the theoretical results more accurate.
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Figure 5.6: Readjusted analytical curve for case 4 for the diameter and percentage ratio.
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Figure 5.7: Readjusted analytical curve for case 5 for the diameter and percentage ratio.
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Figure 5.8: Readjusted analytical curve for case 6 for the diameter and percentage ratio.
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Figure 5.9: Readjusted analytical curve for case 7 for the diameter and percentage ratio.
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Figure 5.10: Readjusted analytical curve for case 8 for the diameter and percentage ratio.
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Figure 5.11: Readjusted analytical curve for case 9 for the diameter and percentage ratio.
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Figure 5.12: Readjusted analytical curve for case 10 for the diameter and percentage ratio.
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Figure 5.13: Readjusted analytical curve for case 11 for the diameter and percentage ratio.
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Figure 5.14: Readjusted analytical curve for case 12 for the diameter and percentage ratio.

Porosity of the samples

To accurately interpret the results from the impedance tube test, it is crucial to assess the
porosity and the presence of any gaps within the samples. This process involves weighing
the samples and comparing their measured mass to the theoretical mass, which is calculated
using the density provided in the datasheet. However, calculating the theoretical weight is a
complex task because of the variations in the diameter of the perforations throughout the
material. While an estimated diameter could be used for these calculations, it would not
account for important factors such as the filaments’ strings inside the perforations, which may
alter the effective cross-sectional area. Additionally, the first layer of the sample could feature
obstructions where the filament closes or partially blocks the holes, further complicating the
calculation. While these factors must be considered to obtain an accurate evaluation of the
sample’s structure and its corresponding theoretical mass, it is nearly impossible to include
them in the calculations, so a small error must be applied.

One reliable method for determining the density of a sample is by comparing its real volume
to the theoretical volume. This can be done using the principle of water displacement. In
this process, a graduated cylinder is partially filled with water, and the sample is carefully
submerged. It is important to slowly lower the sample into the water and ensure that no air
is trapped inside, as this could lead to the formation of bubbles around the object, which
would distort the results. When submerged, the sample displaces a volume of water equal to
its own volume, causing the water level to rise. By measuring the difference in water levels
before and after the sample is submerged, the volume of the sample can be determined.

Once the real volume is measured, it can be compared to the theoretical volume to calculate
the density of the sample. Although this method is effective, it becomes less precise when
dealing with small samples, particularly when the sample volume is approximately 1 cm? for
each millimeter height. For such small volumes, the difference between real and theoretical
measurements, which could range from 0.1 to 0.9 cm?, is challenging to detect accurately
simply by observing the graduated cylinder.

This issue was demonstrated with one of the samples, as shown in Figure 5.16, where the
displaced volume was approximately 2 cm®. This value is close to the theoretical volume,
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which, using the estimated diameter and the measured height, is around 1.97 cm?®. However,
with such small components, even slight inaccuracies in decimal places can result in significant
errors in the calculations.

(a) Volume in the cylinder (b) Volume in the cylinder
without the sample with the submerged panel

Figure 5.15: Volume measurement test

Another method for calculating the density of the samples is based on Archimedes’ principle,
which establishes a relationship between the weight of the sample in air (I¥,) and its submerged
weight in a liquid (W), as shown in Equation 5.1. This principle is grounded in the fact
that the buoyant force exerted on a submerged object is equal to the weight of the liquid
displaced by the object. The equation also takes into account the densities of both the liquid
(pw) and air (p,) under standard conditions, which are essential for accurate calculations.
The submerged weight difference between the sample in air and the liquid allows for the
determination of its volume and ultimately its density.

W, - (pw - pa)
= + Pa 5.1

To carry out this density measurement, a scale equipped with a density kit is used (Figure
5.16a). The procedure begins with placing the sample on the scale to measure its dry weight,
W,. Once the dry weight is recorded, the sample is slowly and carefully submerged into
the liquid. It is essential to lower the sample into the liquid gently, ensuring that it is fully
immersed without creating air bubbles, which could interfere with the measurement. The
sample is then placed into the basket submerged in the liquid, as shown in Figure 5.16b.

The key challenge in this process is to prevent any air from being trapped inside the sample
during submersion. If air is trapped within the sample, it would cause a buoyant force that
reduces the measured submerged weight (W), resulting in an inaccurate density calculation.
Therefore, great care is taken during the submersion process to ensure that the sample is fully
immersed and free from air pockets. This method provides an alternative and reliable means
of calculating the sample’s density, which can be cross-verified with other techniques.
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(a) Kit set up (b) Panel submerged in the cylin-
der

Figure 5.16: Measuring the sample density

To assist in the calculation of the panels’ porosity, three circular samples, each with a diameter
of 34 mm, were printed. These samples do not have any perforations and each has a different
thickness: 2, 3, and 8 mm. Since these samples lack perforations, they are free from the gaps
or obstructions that could be caused by the presence of holes, making it easier to compare
their real characteristics with theoretical values.Figure 5.17 shows the samples printed for the
measurements.

Figure 5.17: Density measurement samples.

By comparing the real weight of these non-perforated samples (which are defined with a 100%
fill) with their theoretical weight, as well as with their calculated volume, it is possible to
estimate their porosity. This comparison helps to determine the difference between the actual
mass of the sample and its theoretical mass if it were fully dense. Once porosity is estimated
for these reference samples, the same calculation method can be applied to the perforated
samples, allowing for an accurate translation of porosity values to the tested panels.

The results obtained with these samples are illustrated in Table 5.4. The three samples
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obtained nearly identical results, 1.22 g/cm?, with a median deviation of 0.003 g/cm?®. The
density stated in the datasheet is 1.27 g/cm?®, which signifies a 3.45% difference. This
percentage indicates the intrinsic porosity of the samples.

Table 5.4: Results of the density samples

Nominal height (mm) Dry weight (g) Submerged weight (g) Density (g/cm?)

2 2,235 0,413 1,226
3 3,364 0,615 1,223
8 8,915 1,666 1,229

The same process was applied to the tested panels, with the results presented in Table 5.5.
The median density measured was 1.117 g/cm?, with a standard deviation of 0.028 g/cm?.
Notably, case 4 stands out, as its density closely aligns with the theoretical and calculated
values based on the samples. When isolating its results, the standard deviation decreases to
0.018 g/cm? and the median density to 1.11 g/cm®. Upon examining the sample itself, it is
clear that it has a superior finish compared to the others, with no missing filaments in the
bottom layer and the holes, if smaller than the nominal value, seem to have no obstructions
in them.

Table 5.5: Density of the tested samples

Dry Submerged Density Difference with Difference with
weight (g) weight (g) (g/cm?®)) datasheet (%) tested samples (%)
Case 4 3,239 0,490 1,178 7,23 3,93
Case b 4,987 0,420 1,092 14,03 10,98
Case 6 7,904 0,630 1,086 14,45 11,41
Case 7 2,031 0,222 1,123 11,60 8,46
Case 8 3,071 0,350 1,128 11,16 8,00
Case 9 1,992 0,170 1,093 13,91 10,85
Case 10 3,005 0,285 1,105 13,02 9,93
Case 11 4,136 0,454 1,123 11,57 8,43
Case 12 6,154 0,711 1,131 10,98 7,82

The density obtained can be compared to the datasheet and to the median result of Table 5.4.
While comparing the results with the datasheet gives the overall porosity of each sample,
comparing it to the latter shows an approximation of the gaps and irregularities created
during the manufacturing process.

As with the different perforation, the analytical calculations have to be readjusted to account
for the porosity. The perforation rate is exchanged with the percentage difference in density
with the test samples. As the equivalent fluid model is used, the irregularity in the perforations
could be expected to modify the flow resistivity and geometrical tortuosity. In their research,
Cobo and Montero de Espinosa [102] considered the modified resistivity and tortuosity:

3n

e (5.2)

Omod = Qg
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0.85d
Cocymod = s, |14 = (1 1.14\/@] (5.3)

where «, and a,_ are numbers close to 1. These modifications are included in the code for
the analytical curve. The value for the correction parameters is [, aq. ] = [0.5,1.8]. The
results for the second adjustment are shown from Figures 5.18 to 5.26. While the correction
parameters should be different for each case, the intention was to find one set of values that
could adjust the closest to most analytical curves to their respective experimental curves, to
find a pattern in the ULTEM ™. These values suggest that the flow resistivity decreased
by 50% and the geometrical tortuosity increased by 80%. According to Mechel [241], the
resistivity is inversely proportional to the face velocity of the flow through the panel, so the
increase in value can be interpreted as an increase in velocity. The tortuosity is a function
of the correction length induced by the radiation of the air column inside the pores in the
air [75], so the effect of this parameter can be interpreted as a lengthening of the correction
length.
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Figure 5.18: Readjusted Case 4 panels with the porosity and correction parameters.
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Figure 5.19: Readjusted Case 5 panels with the porosity and correction parameters.

97



Maria Blanca Boado Cuartero

Case 6
1 T T T T T
08 -
0.6 - _
o
3
04 -
0.2 -
0 | | | |
0 1000 2000 3000 4000 5000 6000

Frequency (Hz)

Figure 5.20: Readjusted Case 6 panels with the porosity and correction parameters.
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Figure 5.21: Readjusted Case 7 panels with the porosity and correction parameters.
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Figure 5.22: Readjusted Case 8 panels with the porosity and correction parameters.
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Figure 5.23: Readjusted Case 9 panels with the porosity and correction parameters.
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Figure 5.24: Readjusted Case 10 panels with the porosity and correction parameters.
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Figure 5.25: Readjusted Case 11 panels with the porosity and correction parameters.
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Figure 5.26: Readjusted Case 12 panels with the porosity and correction parameters.

Adjusting the percentage ratio value to reflect the porosity of the sample and applying
correction factors reduces the absorption peaks in Cases 9 and 10, aligning them more closely
with the experimental curves. In all cases—except for Cases 5, 6, and 12—the frequency at
which the absorption coefficient peaks remains nearly identical to the analytical predictions.

For cases where the peak spans a broad range with a relatively constant value (see Figure 5.25)
or where two small consecutive peaks appear (see Figure 5.24), the peak is identified as
the center of the broad range or the highest of the two peaks, respectively. However, fully
replicating the experimental absorption curve remains challenging, if not impossible. Small
peaks at low frequencies, as well as valleys that form while the absorption coefficient increases
(in Case 9) or decreases (in Case 12), are difficult to predict accurately. Additionally, some
tested panels behave like multi-layer configurations, exhibiting multiple peaks. This complexity
makes analytical replication challenging due to the influence of the cavity distance parameter.

The width of the peak determines the breadth of the absorption band, which is defined as the
region where the absorption coefficient exceeds 0.5. As previously noted, test results show
that the samples have significantly wider absorption bands than expected. Notably, Cases
5 and 11 exceed 1 octave. While still relatively low, this is understandable given that the
primary objective was to evaluate the feasibility of the manufacturing method rather than
optimize the samples. In comparison, an optimized single-layer MPP would typically achieve
an absorption bandwidth of around 2 octaves.

Among the remaining samples, most—except for Cases 4 and 12—exhibit absorption band-
widths between 0.8 and 0.9 octaves. Case 4, however, does not provide any meaningful
absorption, as its curve never surpasses the 0.5 threshold at any point.

Comparison with other additive manufacturing materials

To analyze the error of the FORTUS 450mc printer, cases 4, 6, 7, and 9 were tested again
using two different new materials. These panels were manufactured by the Italian company
Weerg, one of the world’s largest 3D printing facilities, as UPM did not have the equipment to
do so. One of the materials used is PEEK, an aerospace-certified thermoplastic polymer. The
second one is ceramic resin, Ultracur3D RG 3280. Some types of ceramics are accepted for
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space use, some of which are usually used for 3D printing. The panels made of PEEK were
manufactured using FDM, while the ceramic resin panels were manufactured using MSLA
(Masked SLA). An MSLA printer works similarly to SLA printers but uses a different method
for curing the resin. Instead of a laser, it uses a liquid-crystal display (LCD) to project UV
light onto the resin, curing it layer by layer. The LCD has an array of pixels that either block
or allow UV light, curing the resin in the desired pattern to construct the object.

One notable characteristic of resin printers is that they cannot print directly on the bed due
to the layer curing process. The print bed starts at the bottom of the resin tank, and each
layer of resin is selectively exposed to light to harden into the desired shape. After each layer
cures, the bed moves upward, allowing fresh resin to flow beneath it for the next layer. Since
the resin is liquid before curing, supports are necessary to hold the structure in place during
printing. To minimize the number of supports and prevent marks from appearing on one
side—marks that could affect the sample’s performance—the panels were printed in a vertical
orientation. The resulting marks from the printing process are shown in Figure 5.27, and it is
not likely to have any effect on the experimental results.

Figure 5.27: Printed supports location for the ceramic resin panels.

Printing the samples in this orientation has one result: due to the perforation diameters being
too small to accommodate supports, the perforations in the final product appear oval-shaped,
as shown in Figure 5.28a and Figure 5.28b, which also show the region where the print
supports were placed.

The measured diameters are presented in Table 5.6. The variation in diameters for cases
6 and 9 of the PEEK samples can be attributed to the panel containing holes of different
diameters, as illustrated in Figure 5.29. Specifically, the range observed in the PEEK samples
reflects the presence of multiple hole sizes within the same panel. In the case of the ceramic
resin panels, the range in diameters corresponds to the two average diameters of the ovals
that were measured in the holes, highlighting the variation in shape and size of the openings.
This distinction is important for understanding the variation in measured values and their
potential impact on the performance or characteristics being studied.

101



Maria Blanca Boado Cuartero

(a) Case 9 panel. (b) Case 6 panel.

Figure 5.28: Ceramic resin panels

Table 5.6: Diameter of the perforations in the PEEK and Ceramic Resin panels.

Case PEEK Ceramic Resin
Case 4 1.1 mm 0.7 mm
Case 6 1.55 mm £0.5 mm 1.2 mm

Case 7 0.9 mm £1 mm 1.15 mm £0.05 mm
Case 9 1 mm £2 mm 0.95 mm =£0.05 mm

Figure 5.29: Case 7 panel made of PEEK, with different perforation diameters.

There is a noticeable difference between the first and last layers of the PEEK samples compared
to the ULTEM™ samples, as shown in Figure 5.30. In the PEEK samples, there is no visible
gap around the perforations caused by filament deposition, unlike in the ULTEM™ samples,
and there is no obstruction in the perforations. There are small areas missing material in
the first /bottom layer of the sample, especially around some of the perforations in the case 6
panel (Figure 5.31a). There are also types of marks that could lead one to believe that there
were some post-processing operations done on the panels to achieve a better end product.
These marks can be seen around the perforations, and, in one case, there is material extruding
up from the borders of one perforation. After contacting the company that made the PEEK
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and ceramic resin panel, Weerg, it was confirmed that the PEEK panels came out with
obstructions (the holes were partially closed) and, therefore, had to be reworked.

Figure 5.30: Comparison in finish between the ULTEM™ (top) and PEEK (bottom) panels.

In Figure 5.31b, a small piece of material is visible inside one of the holes, but it can be easily
removed. The perforations themselves are also more consistent in shape (circular), with the
only issue being the variation in diameters within a single panel, as mentioned earlier, and
clearly seen in the case 7 panel. Unlike the FORTUS 450mc printer, where the resulting
diameter tends to be smaller, in cases 4 and 6, the diameter is actually larger. For cases 7
and 9, the diameter is closer to the nominal value. Slightly smaller in case 7, decreasing from
1.2 mm to 0.9 mm on average. In case 9, the nominal diameter is 1 mm, which is the average
diameter in the PEEK panel.

(a) Missing material. (b) Material inside the perforation.

Figure 5.31: PEEK panels

The comparison between the three materials in the four panels can be seen from Figure
5.32 to Figure 5.35. The analytical solution, which uses the nominal original values without
applying any correction parameters, is also included in the figures. This inclusion serves as a
baseline reference, enabling a direct comparison between the results from the manufacturing
methods and the theoretical predictions. The primary objective of this comparison is to assess
the accuracy of the manufacturing processes, identify any discrepancies, and evaluate how
closely the actual performance of the materials aligns with the expected outcomes based on
the analytical solution. By analyzing these figures, one can gain insight into the reliability
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and precision of the manufacturing techniques for each material, facilitating improvements or
adjustments where necessary.
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Figure 5.32: Case 4 panels with three different AM materials.
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Figure 5.33: Case 6 panels with three different AM materials.
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Figure 5.34: Case 7 panels with three different AM materials.
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Case 9 comparison between materials
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Figure 5.35: Case 9 panels with three different AM materials.

The tests show a variety of different curves between the three materials. Only in the Case 9
panels (Figure 5.35) can we observe similar curves, with the ceramic resin and PEEK panels
having near-identical absorption peaks and a very similar curve. The ULTEM™ curve is
also very similar in peak and curve, the main difference being a slightly lower peak and
its displacement to the right. Despite the similarity in the curves, the hole diameters vary
across materials: PEEK has a perforation diameter of 1 mm, ceramic resin has 0.95 mm,
and ULTEM™ has 0.7 mm. The thickness of the PEEK and ceramic resin panels is 2 mm,
while ULTEM™ panels are slightly thicker at 2.24 mm. Though there are no visible gaps or
pores, it is important to note that this does not rule out the presence of porosity. 3D printed
materials are inherently porous, and in ceramic resin components, pore sizes can range from
micrometers to millimeters. The samples obtain a higher absorption coefficient than the
analytical solution predicted. The absorption peak is around a similar frequency: 4060 Hz
for the PEEK and the ceramic resin panels, 4190 Hz for the ULTEM™ and 4230 Hz for the
analytical curve.

The next instance where the results show some degree of similarity is in Case 7 (Figure 5.34),
though the comparison is limited. The only commonality is the location of the absorption peak.
The ULTEM™ and PEEK samples display closely matching results, but the ceramic resin
peak is shifted by nearly 500 Hz, occurring later than the peaks of the other two materials.
In this case, the analytical curve’s peak lies beyond the peaks of the samples, at 4180 Hz,
closer to the ceramic resin panel, which is 4000 Hz.

In Cases 4 and 6, the ceramic resin and ULTEM™ samples share similar peak locations.
However, the PEEK sample in these cases shows distinctly different results. In Case 6, while
the ceramic resin and ULTEM™ curves align quite well, the ceramic resin panel’s absorption
peak is found 200 Hz later than the peak of the ULTEM™ panel. The difference in results
can be easily explained by the significant difference in diameters in those two cases.

The goal of microperforated panels (MPPs) is to achieve the highest possible absorption
coefficient at a specific frequency, typically aligning with the natural frequency of the com-
ponent they are designed to protect. These panels demonstrate strong absorption peaks
exceeding 0.8—except for the ULTEM™ sample in Case 4—which are promising results,
occasionally surpassing expectations (as seen in Cases 7 and 9). However, their limited
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absorption bandwidth has driven research into multilayer MPPs, which have been shown to
expand the bandwidth to over four octaves in triple-layer configurations.

Among the tested samples, the ceramic resin panels exhibit the highest manufacturing accuracy
relative to their CAD models, meaning their performance should closely match theoretical
predictions. Across the four cases, the analytical curve aligns more closely with these samples,
though notable discrepancies remain. In particular, the ceramic resin panels exhibit peak
frequency shifts to the left, with the largest deviation occurring in Case 6 (approximately 700
Hz) and the smallest in Cases 7 and 9 (around 150 Hz). While the diameter differences are
minor, variations in perforation shape and the intrinsic porosity of ceramic resin may be key
factors contributing to these deviations.

Except for the ULTEM™ sample in Case 4 and the PEEK sample in the same case, all
other samples exhibit a broader absorption band than expected. Theoretically, Case 4 should
have the widest absorption band at 0.33 octaves. However, the tested samples deviate from
this prediction, displaying absorption bands at least twice as wide as the analytical model
suggests. In the other three cases, the ULTEM™ samples exhibit the broadest absorption
bands, ranging from 0.7 to 0.9 octaves. Meanwhile, the ceramic resin samples, which more
closely align with the analytical predictions, demonstrate a narrower bandwidth.
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Chapter 6

Conclusions and future work

The work presented in this Doctoral Dissertation aimed to test and analyze the utilization of
additive manufacturing materials such as ULTEM™ and methods such as Fused Deposition
Modeling in the creation of microperforated panels, with the objective of reducing the
transmission of acoustic vibrations in the payload fairing of launchers, to protect the payload
it would carry. For this, the proposed materials, ULTEM™ 9085 and 1010, manufactured
with the FORTUS 450mc printer from STRATASYS, were mechanically characterized first.
A good understanding of the mechanical properties provides the knowledge to extract the
highest performance possible from the materials. It also allows the possibility of understanding
the printer’s capabilities. The machine used is an industrial printer, which means the only
parameters that are user-controlled are the filament orientation and the percentage of infill,
as the only other possible shape of the infill is the hexagram. The thickness of the outer walls
can also be controlled, but the only possible layer heights are 0.254 mm and 0.33 mm, which
depend on the extruder mounted on the printer.

While an industrial printer does not allow for much freedom, in contrast with the many
printers using open source software that are easily available, they have other advantages.
STRATASYS provides engineering-grade quality, accurate and reliable performance, but it
is mostly aimed at transforming supply chains, accelerating manufacturing, and reducing
production costs. The FORTUS 450mc printer offers a large range of materials, including the
high-performance thermoplastic ULTEM™ | tested in the present work, and has a large build
volume, which enables the production of larger parts or multiple iterations. The material
characterization tests show good repeatability, with a low standard deviation between the
samples of the same type (1A flat, 5A on-edge, etc.), taking into account that 3D materials
are anisotropic. The volume of the printer allowed for many of the samples to be printed at
the same time, which, even if it reduced the production time, may have been detrimental to
the performance of some of the samples. A 3D printer goes layer by layer, so, by the time
that the upright samples are printed, the flat and on-edge samples would have spent an extra
hour or two at the high temperature that the chamber requires for printing. ULTEM™ 9085
and 1010 are more than capable of sustaining high temperatures before reaching a critical
point, but the properties may have been affected.

While the porosity was only calculated for acoustic test samples, the results can also extrapolate
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to the mechanical tests. Although the density test was performed on three of the same
geometries but different thicknesses, the three obtained almost identical density values, which
indicated a 3% porosity when compared to the datasheet value. It is fair to assume that
the samples of the mechanical test would have a similar porosity, as the geometry in 3D
printed components is an important factor. That’s the main reason the acoustic samples
had a significantly lower density than the density test samples, as the holes caused the infill
not to be the 100% which was defined. The effect that both shape and porosity have on
the mechanical properties is the reason for the differences of the tests with the material’s
datasheet, either increasing the tensile strength or decreasing the samples’ elasticity.

When it came to the creation of microperforated panels through the use of additive man-
ufacturing methods such as FDM, these issues became more apparent, especially with an
industrial printer. While incredibly precise, it is not meant to do these types of perforations.
Although the diameter of the perforations can be controlled and predicted after a few test
runs, a good percentage of the holes will have filament on them; there is a limit on how small
the diameter can be, and if the desired percentage ratio is high, the printer will have more
issues. The printer would be unable to fill the gaps between holes correctly, either leaving the
gap completely, increasing the porosity, or enclosing the holes, reducing the perforation ratio.

Without even getting into the results of the acoustic tests, the finalized product that came to
be using MSLA in comparison with the FDM samples is superior. The ULTEM™ and the
PEEK samples had issues with the holes. The issues with ULTEM™ have been documented
in this dissertation, but the issues with PEEK, similar to ours, were dealt with by the company
that made them by reworking them. Drilling in plastic usually causes more problems, as it
creates heat and could deform the component. On the other hand, the resin samples do not
show any issues replicating the geometry in the CAD model. The nature of the manufacturing
process and the small diameter of the perforation cause the shape of the perforation to be
more oval-shaped instead of circular. The preciseness of MSLA makes the performance of the
panels easier to predict, as the shape of the perforations can be adjusted in the equations and
the porosity of the ceramic resin can be calculated as well. Now, while ULTEM™ and PEEK
are certified for space applications, the question remains about ceramic resins.

The European Cooperation for Space Standardization (ECSS), in the document ECSS-P-ST-
30, specifies what materials are acceptable for space use. Regarding ceramics, the materials
typically accepted are: Silicon Carbide (SiC), Alumina (AlyO3), Zirconia (ZrO,), Silicon
Nitride (Si3Ny), Titanium Diboride (TiBs), Boron Nitride (BN), and Magnesia (MgO). The
first three are typically used in additive manufacturing. The exact composition of Ultracur3D
RG 3280 is not known, as it is not publicly shared, the only information available being
that its weight has around 65% of silica. What we know of the material is that it is a rigid
polyurethane-based resin, which generally exhibits low outgassing compared to other types
of resins, but the specific formulation of Ultracur3D RG 3280 would let us know how it
would behave. The datasheet provided by the company did specify that it was subjected to
outgassing tests, following the NASA ASTM E595-15 standard, which it passed with a total
mass loss of less than 0.1%. The mechanical properties are also good, with a 10 GPa Young’s
modulus, a 76 MPa tensile strength, and a heat deflection temperature of over 280°, which
makes it a good alternative to metals in space applications.
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Despite the challenges inherent to the FDM process, the panels still achieve good overall
performance. They exhibit strong absorption capabilities and broad peaks without the need
for extremely small perforation diameters. However, the primary issue with using FDM for
MPPs lies in predicting their behavior accurately. The final printed structure often deviates
from the original design, and while adjustments can be made to the design parameters,
additional factors must be incorporated into the mathematical model for better accuracy.

The application of correction parameters helped bring the analytical curves closer to the
experimental results, with many following similar trends. However, the inconsistencies between
the curves appear somewhat random. While FDM-produced panels demonstrate promising
performance, the inability to predict their behavior reliably introduces uncertainty. With
advancements in 3D printing technology, particularly higher-precision printers, FDM could
become a viable alternative—especially if the final product more closely matches the intended
design.

Currently, the high extrusion temperatures required for certain filaments may contribute to
hole obstructions. Improvements in layer height control and print speed regulation could
enhance the accuracy of microperforated panel manufacturing. However, at present, resin-
based printing and CNC machining appear to be more reliable options. That said, FDM could
still serve as a strong alternative to metal components in other types of acoustic vibration
reducers, such as Helmholtz resonators. These structures often feature complex geometries
but are larger and do not require microperforations, making them better suited to FDM
manufacturing.

Future work

There are many parts in this dissertation that can be expanded upon with future work.
A further and deeper study of the mechanical properties of ULTEM™ 9085 and 1010 is
essential to understand how these materials perform under extreme environmental conditions,
particularly those encountered in space applications. This expanded study would involve
performing a series of mechanical tests on these materials after they have been subjected
to both hot and cold extreme temperatures. These temperature extremes are common in
space environments, where materials are exposed to severe temperature fluctuations during
missions, including exposure to direct sunlight and the cold vacuum of space. This study
would focus on a comprehensive analysis of how these temperature fluctuations influence
their structural integrity. Furthermore, the study would include a detailed investigation into
the role of porosity and its effect on the mechanical properties of ULTEM™ 9085 and 1010.
Porosity in materials can significantly affect their strength, durability, and overall performance,
particularly under stress or in environments with extreme temperature variations. Analyzing
the size, distribution, and volume of pores in the material would provide insight into how
porosity influences mechanical properties such as fatigue resistance, fracture toughness, and
overall structural performance. Understanding the interplay between porosity and thermal
effects would be crucial for optimizing the use of these materials in applications where material
failure could have catastrophic consequences.

Studying the use of ULTEM™ in other types of acoustic vibration reducers, such as Helmholtz
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resonators or spring-dampers, presents an interesting opportunity to explore its potential in
applications where traditional microperforated panels may not be the ideal solution. Both
Helmholtz resonators and spring-dampers are widely used for controlling acoustic vibrations
in various industries, and their geometry can be more compatible with Fused Deposition
Modeling (FDM) 3D printing techniques, making them prime candidates for experimentation
with ULTEM™ materials. With its high strength, thermal stability, and excellent damping
properties, ULTEM™ could improve the performance and reliability of these components in
environments where traditional materials or manufacturing techniques may fall short.

The use of ceramic resins like Ultracur3D RG 3280 for creating microperforated components
has yielded excellent results, owing to their high precision and capability to produce intricate
geometries. Using additive manufacturing with these ceramic-based resins (SLA/MSLA) offers
a level of accuracy in creating microperforations that surpasses what is achievable with FDM
technology. As the demand for high-performance acoustic materials continues to rise, a more
in-depth analysis of these specialized resins becomes crucial for advancing the development of
microperforated panels, optimizing their acoustic properties, and meeting the evolving needs
of various industries.
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